ABSTRACT New high-throughput DNA sequencing (HTS) technologies developed in the past decade have begun to be applied to the study of the complex gene rearrangements that encode human antibodies. This article first reviews the genetic features of Ig loci and the HTS technologies that have been applied to human repertoire studies, then discusses key choices for experimental design and data analysis in these experiments and the insights gained in immunological and infectious disease studies with the use of these approaches.
INTRODUCTION
New high-throughput DNA sequencing (HTS) technologies developed in the past decade have rapidly increased the scale of data collection for all aspects of human genetics (1, 2) . The complex somatic gene rearrangements of immunoglobulin (Ig) and T-cell antigen receptors (TCRs) in the adaptive immune system are particularly appropriate targets for investigation using these new technologies. The antigen specificity of adaptive human immune responses and the storage of specific immunological memory depend on the sequences of the Ig and TCR gene rearrangements expressed by B cells and T cells. Until recently, the difficulty and cost of obtaining sequence data limited the kinds of immunological research questions that could be studied. Pioneering work examining dozens to hundreds of Ig rearrangements with Sanger sequencing has revealed some overall features of the repertoires of these receptors, while physical selection and sorting of B-cell populations of interest has led to the identification of antibodies specific for a variety of infectious agents and vaccine components. However, given that a single human body contains an estimated 10 11 B cells representing, at a minimum, millions of distinct clonal populations, experiments using Sanger sequencing were underpowered to evaluate the full scale of antibody repertoires. This chapter first reviews genetic features of Ig loci and the HTS technologies that have been applied to human repertoire studies, then discusses experimental design, data analysis choices in these experiments, and insights gained in immunological and infectious disease studies using these approaches.
ANTIBODY GENE REARRANGEMENTS
Antibodies in humans are protein complexes whose basic unit is a disulfide-linked pair of heavy chain proteins, each with an associated light chain (Fig. 1) . The N-terminal regions of heavy and light chains are highly variable in their sequences, and are the antigen-binding portions of the antibody. The C-terminal regions of the proteins are termed the constant regions. Light chains are of two types, kappa (IgK) or lambda (IgL), while heavy chains (IgH) are of five major isotypes (IgM, IgD, IgG, IgA, and IgE), with four subtypes of IgG and two subtypes of IgA. Developing B cells assemble the genes encoding the antigen-binding regions of their immunoglobulin heavy chains from germ line arrays of variable (V), diversity (D), and joining (J) gene segments, by first joining a D and J segment together, and then selecting a V segment to join to the newly generated D-J product. During joining, the ends of the gene segments are subject to exonuclease digestion, and nontemplated randomized bases (N bases) are added at the segment junctions. In the developing B cell, an initial attempt to rearrange the immunoglobulin heavy chain locus on one copy of chromosome 14 can potentially give rise to an out-offrame product; if this happens, then the B cell attempts to rearrange the other copy of the locus. After a productive FIGURE 1 Antibody structure and genetic encoding. The germ line (unrearranged) genomic DNA configuration of the immunoglobulin heavy chain locus is depicted at the top of the figure, showing the tandem arrays of V, D, and J gene segments (not to scale). A germ line kappa or lambda light chain locus is depicted on the left-hand side, with unrearranged V and J segments. Stepwise rearrangement of the germ line DNA results in the joining of a heavy chain D and J gene segment, followed by joining of a V segment to the D-J product, to generate the DNA encoding the heavy chain variable region. In the process of rearrangement, the ends of the gene segments are subject to variable amounts of exonuclease digestion, and randomized nontemplated bases are added at the segment ends, to produce additional sequence diversity at the VDJ junctional region that encodes the complementarity-determining region 3 (CDR3) loop, which is often the region of the antibody heavy chain that has the greatest impact on antigen specificity. A similar process of V and J gene rearrangement with diversification of the VJ junction occurs in the light chain locus, to produce the rearranged light chain gene. The constant regions of the heavy and light chains (domains CH1, CH2, and CH3 for the heavy chain, and CL for the light chain) are encoded by downstream exons that are joined to the rearranged V(D)J gene by mRNA splicing. Disulfide bridges joining protein chains in the full antibody structure are shown with black line segments. doi:10.1128/microbiolspec.AID-0017-2014.f1
IgH is expressed, an analogous rearrangement of V and J segments at the kappa or lambda immunoglobulin light chain locus takes place. The mechanistic details and regulation of these events have been reviewed elsewhere (3) . The region of the antibody heavy or light chain structure encoded by the fusion of V, (D), and J segments forms a loop that is the most diverse region of the antibody and is termed the complementarity-determining region 3 (CDR3). CDR3 is often the most important portion of the antibody for binding to antigen, but two other loops (CDR1 and CDR2) encoded by the variable gene segment can also contribute significantly to antigen specificity.
The genetic complexity of the antibody repertoire in an individual's B cells prior to exposure to antigen derives from the combinatorial assembly of V, (D), and J segments, the diversification at the segment junctions encoding the CDR3 loops of the antibody heavy or light chain, and the pairwise combination of heavy and light chains. Earlier rough estimates of the potential number of different antibodies that can be generated by these mechanisms were greater than 10 11 (4). Such figures are undoubtedly underestimates, because the theoretical number of unique heavy or light chains is limited only by the maximal length of the nontemplated junctional base sequences considered in the calculation. Antigen-stimulated B cells activate an additional program of antibody sequence diversification called somatic hypermutation that generates new point mutations throughout the rearranged V(D)J sequence, creating clonal offspring whose antibodies may possess increased binding affinity for the antigen. Rarer processes such as receptor editing contribute further mechanisms for antibody repertoire generation by enabling secondary rearrangements and replacement of V gene segments. At the level of human populations, additional genetic diversity of antibody repertoires results from allelic variants for immunoglobulin gene segments and structural variants within the immunoglobulin loci that delete or increase the copy number of particular gene segments.
Current understanding of the human germ line DNA sequence for the immunoglobulin heavy chain locus, and the number of V, D, and J segments it contains, remains heavily indebted to the initial sequence generated by Matsuda et al. in 1998 (5) . Recent human genome-sequencing efforts have often been less helpful for evaluating immunoglobulin loci, in part, because of the widespread use of oligoclonal Epstein-Barr virus (EBV)-transformed B-cell lines with rearranged Ig genes as the source of DNA for sequencing, resulting in the loss of information about gene segments deleted during rearrangement, as well as the relatively shallow depth of sequencing performed in population-level studies (6) . In contrast, HTS has very recently been used to study the germ line locus in particularly tractable human samples, such as cells from a haploid hydatidiform mole, and to survey the haplotypes in this locus in different human population groups (7) . The curated sequences in the IMGT database (www.imgt.org) for the human IGH locus at 14q32 indicate that most humans, depending on their haplotypes, have 123 to 129 IGHV gene segments, of which 43 to 46 are able to form functional rearrangements; 27 IGHD gene segments (23 functional); and 9 IGHJ segments (6 functional) (8, 9) . The IGK locus at 2p11 encodes 76 IGKV in most individuals (31 to 36 functional), and 5 IGKJ gene segments (5 functional), while the IGL locus at 22q11 contains 73 to 74 IGLV segments (29 to 33 functional) and 7 to 11 IGLJ segments (4 to 5 functional) (8, 9) . Allelic and copy number variation in Ig loci in different human populations were identified in earlier literature, but the pace of identification of new variants has now accelerated, making it clear that the currently curated variants represent only a small sampling of the total variation that is likely to be present across all human groups (7, 10, 11, 12) .
The genetic structure of V gene segments includes a small upstream exon encoding most of a leader peptide, followed by a short intron and a second exon encoding the rest of the leader peptide and the V segment itself. In the unrearranged human germ line loci, the V, D, and J regions are separated from each other by kilobases of sequence, and the constant regions, encoded by single exons (for kappa or lambda) or several exons (for the heavy chain isotypes) are located kilobases downstream of the J segments, with the exception of the lambda locus, where a few J segments are interspersed among the most upstream constant regions. The process of rearranging the genomic DNA at heavy and light chain loci to generate in-frame heavy and light chains results in a compact V(D)J gene that is approximately 400 bases in length.
Somatic hypermutation of human antibodies occurs primarily in the specialized microenvironments of secondary lymphoid tissues, where B cells have access to antigen, specialized dendritic and stromal cells, and T cells that stimulate B cells via soluble mediators and cell-cell contact (13) . Human plasmablasts observed after acute antigenic stimulation such as influenza vaccination usually show mutation levels in the range of 5 to 15% in the IGHV segment, while memory B cells show somewhat lower mutation levels (14) . In unusual circumstances such as chronic exposure to viral antigens in the perturbed immune systems of HIV-infected individuals, much higher mutation levels (over 30%) can be observed in some antibody lineages (15) . Mutational events are targeted relatively precisely in a region extending from upstream of, or within, the leader sequence through the V(D)J rearrangement, and taper off in the intron separating the J segments from the constant regions (16, 17) . Notably, leader sequences in some loci may be less mutated than the rest of the Ig gene rearrangement, as best documented in mouse kappa light chains (17) .
HIGH-THROUGHPUT DNA SEQUENCING INSTRUMENTS
Soon after the completion of the first human genome draft sequence in 2001, a technological race between several different companies and academic laboratories led to the development of a handful of competing platforms for determining DNA sequences in a more highly parallel, miniaturized, and efficient manner than was possible with Sanger sequencing. Common features among these methods were the use of miniaturized microwell plates or flow cells that could capture DNA molecules at particular spatial positions, methods of generating locally amplified template from single DNA molecules for sequencing, and a method of detection of nucleotide sequence that could occur in parallel for thousands to millions of distinct templates at the same time. The platforms that have been most widely used for Ig sequencing in the published literature have been those from Roche/454, Illumina, and Ion Torrent. A brief overview of the features of these instruments is given below. Other promising technologies, including true single-molecule sequencing approaches, have been less widely used so far.
In brief, the Roche/454 and Ion Torrent methods spatially separate and amplify single-template molecules by limiting dilution of the template in aqueous solution followed by production of an aqueous-in-oil emulsion. The template is diluted so that less than one template molecule is present on average per aqueous droplet. The aqueous phase contains the enzymes, primers, nucleotides, and buffers for PCR, as well as capture beads to which the amplified template becomes attached. After PCR, the emulsion is broken and the beads are positioned in microfabricated wells of a plate. Both the Roche/454 and Ion Torrent platforms use a sequencing-by-synthesis approach in which reaction mixtures containing only one of the deoxyribonucleotide triphosphates (dATP, dCTP, dGTP, or dTTP) are sequentially used in cycles of extension of a DNA strand complementary to the template. In 454 sequencing, incorporation of one or more nucleotides during an extension step is detected by a coupled enzymatic reaction in the sequencing plate well, in which pyrophosphate liberated from the nucleotide triphosphate added to the growing DNA strand drives the generation of photons of light by luciferase enzyme (18) . The Ion Torrent platform detects nucleotide incorporation during DNA synthesis via miniaturized ion sensors in the sequencing plate that detect the release of protons occurring upon nucleotide addition (19) . In both the Roche/454 and Ion Torrent protocols, homopolymer tracts of a particular nucleotide are sequenced with decreased accuracy, because it is more difficult to distinguish between the levels of signal produced by, for example, 14 incorporation events compared with 15 incorporation events in a sequencing step. Error rates are discussed in greater detail below. Current versions of these instruments give approximately one million sequences with read lengths of over 500 bases in the case of Roche/454, and 10 million sequences of 100 bases for the Ion Torrent PGM. The majority of the published literature on HTS of immunoglobulin genes has used the Roche/454 methodology, but Roche has indicated that it is no longer developing the 454 platform and will not support it in the future.
In contrast, the Illumina platform, which has now become the dominant HTS method for most applications, performs template separation and amplification of diluted template DNA on the surface of a flow cell (20) . The flow cell is functionalized with oligonucleotides that capture the template and prime "bridging PCR" amplifications that use linker sequences introduced at the ends of the template during library construction. The bridging PCR yields focal clusters of amplified template molecules that are covalently attached to the flow cell. The amplified clusters are then sequenced with cycles of single-base extension sequencing-by-synthesis. In this strategy, each nucleotide is labeled with a fluorophore that identifies the incorporated nucleotide and blocks further extension of the template once the nucleotide is added to the growing DNA strand. A mixture of all four nucleotide triphosphates is used in each cycle of synthesis. Nucleotide incorporation into each template cluster during each sequencing cycle can be detected by imaging the flow cell and detecting what fluorophore is present. Once the flow cell is imaged, the fluorescent labels are cleaved off and the next cycle of extension and imaging begins. Until recently, a disadvantage of the Illumina instruments was their relatively short read lengths (initially 35 bases), but continual improvements in the methodology have led to current instruments and kits that give total read lengths of sequence that are comparable to the those of the 454 platform. The Illumina MiSeq instrument can sequence approximately 15 million templates per run, yielding up to 300 bases of sequence from each end of the template molecules, while the HiSeq 2500 model can sequence 2 billion templates, reading 125 bases from each end of the template.
EXPERIMENTAL STRATEGIES FOR SEQUENCING Ig REPERTOIRES
Sequencing Ig V(D)J rearrangements in human samples is conceptually straightforward. As a result of the close juxtaposition of V, (D), and J gene segments following genomic rearrangement, short V(D)J PCR amplicons (<500 bp, excluding the lengths of sequencing instrument linkers and barcodes) can be amplified efficiently from genomic DNA or complementary DNA from samples containing B cells. The kilobases of sequence that separate the gene segments in the unrearranged genomic DNA prevent significant amplification from non-B-cell templates in the sample. The incorporation of oligomer nucleotide "barcodes" in the primers or linkers used in library preparation can be used for sample multiplexing in a single sequencing run with any of the HTS instruments, permitting samples to be sequenced together but allowing the sequencing data to be assigned back to the samples by sorting based on the unique sample barcodes. Beyond these similarities, a number of important experimental design choices influence the kinds of interpretation that can be reliably made from sequencing libraries generated by using different approaches, as detailed below.
Cell Populations
High-quality DNA sequencing libraries of V(D)J rearrangements can be produced from templates isolated from total leukocytes, peripheral blood mononuclear cells (PBMCs), or any tissue containing B cells. In order to identify sequences that are derived from B cells that have undergone somatic mutation, the sequences in such libraries can be evaluated for the presence of mutated nucleotide positions in V, D, or J gene segments (21) . However, a number of specialized B-cell subsets in humans, such as memory B cells, plasmablasts, transitional B cells, and suppressor B cells, among others, have been defined on the basis of cell surface receptors, intracellular protein expression, or other phenotypic features, and there can be additional experimental value added by using flow cytometry or other methods to sort out particular B-cell or plasma cell subsets of interest prior to generating libraries (14, 22, 23, 24) . It is clear, however, that the cell subset definitions and the functions ascribed to them are subject to progressive refinement and revision over time in the immunological literature, meaning that comparisons of Ig repertoire data based on cell subsets should be made with caution unless identical protocols and definitions are used (22) . As a practical matter, sorting of small cell subsets can also make it more difficult to isolate nucleic acids for sequencing with the use of standard methods and can require additional rounds of PCR to generate enough amplified material for accurate quantitation prior to sequencing. Another consideration in human studies is that sometimes samples that are precious because of the rarity of the clinical phenotype, pathogen exposure, or other immunological stimulus may only be available in the form of frozen nonviable cells or leukocyte-or PBMCderived RNA or DNA, owing to the sample collection and storage protocols or resource limitations in clinical studies. In such cases, valuable data can still be obtained from total Ig repertoires without cell surface phenotype information, and antibody isotype expression and mutation status can be interpreted.
Targeted PCR versus 5′ RACE
The 5′ rapid amplification of cDNA ends (5′ RACE) for library preparation requires only a single primer to hybridize to a known region of the target mRNA. cDNA synthesis proceeds until the 5′ end of the target mRNA is reached, and then one of several approaches can be used to add a known, unrelated primer sequence to the 3′ end of the cDNA strand, permitting subsequent PCR amplification (25) . This method has begun to be applied to generate Ig HTS libraries, and may be less subject to primer bias and multiplexed PCR artifacts that can result from using primers within the V, J, or constant regions, while also being better at amplifying heavily mutated Ig sequences where primer binding sites may be altered (26, 27) . Limitations of 5′ RACE methods are the requirement for RNA as the starting material, precluding analysis of genomic DNA rearrangements, and more variable performance with RNA of suboptimal quality or limiting quantity. The alternative approach of using multiplexed primer mixtures targeting the V, D, J, or constant regions, and performing PCR from either cDNA or genomic DNA template, has been the predominant method used in the literature to date (Fig. 2) . This method is subject to a few potential problems, including PCR amplification bias, as a result of different ASMscience.org/MicrobiolSpectrumprimer annealing efficiencies to particular gene segments; the need to select primers that can be multiplexed without producing off-target primer dimers or other artifacts; and potential loss of highly mutated sequences from sequencing libraries as a result of the somatic mutation preventing primer annealing. Selection of primers for human Ig rearrangements has focused on the framework (FR) regions FR1, FR2, and FR3, which are relatively less mutated than the CDR sequences in B cells that survive to be observed in human samples, likely because mutated framework regions that destabilize the antibody structure are not compatible with the persistence of the B cell in the body (28, 29, 30) . Primers targeting the leader sequences have also been used in a number of publications, particularly those studying highly mutated antibody lineages such as broadly neutralizing anti-HIV antibodies (31, 32) .
Choice of Template
Ig sequencing libraries can be generated from genomic DNA template, typically with V-and J-segment primers, or from cDNA template using V-leader primers, internal V primers, J primers, or constant region primers (Fig. 2) . In addition to the considerations related to potential effects of somatic mutation on primer binding, as outlined above, there are several other reasons to select either genomic DNA template, cDNA template, or both, depending on the goals of a particular experiment. One advantage of genomic DNA template is that it permits analysis of both productively rearranged Ig sequences that yield a protein product, as well as unproductively rearranged loci where a stop codon or reading frame incompatibility between the V segment and the downstream gene segments has been introduced during V(D)J rearrangement. While not giving rise to functional protein, the unproductive rearrangements provide a record of the features of the Ig locus rearrangement, such as gene-segment rearrangement frequencies, segment chewback by exonucleases, and nontemplated base addition levels prior to selection of the B cell based on expressed Ig protein. This can be useful in evaluating immunological phenotypes related to receptor gene rearrangements or B-cell selection, such as in immunodeficiency disorders (K. Roskin, submitted for publication). In addition, the FIGURE 2 IgH library production from genomic DNA (gDNA) or complementary DNA (cDNA). The top diagram shows the rearranged gDNA encoding an antibody heavy chain. Primer sets designed to hybridize in the framework 1, 2, or 3 (FR1, FR2, FR3) regions (labeled with circled numbers 1, 2, and 3), together with a primer complementary to the J gene segments (labeled 4), can be used for PCR to amplify the VDJ gene rearrangement. Multiple primers are shown for the framework primer sets, indicating the different primers required for amplification of V segments belonging to different families. The leader peptide exon is separated from the V segment by a short intron in the genomic DNA. The lower diagram shows cDNA generated from spliced mRNA encoding a heavy chain. Primers hybridizing to the constant region (labeled 6) can be used as the initial genespecific primer for 5′ RACE protocols (see main text), or else can be used in PCR with primers in the leader sequences (labeled 5), or framework primers, to amplify the VDJ gene rearrangements. The constant region isotype associated with the VDJ gene rearrangement can be identified in such libraries. doi:10.1128/microbiolspec.AID-0017-2014.f2 fact that there is only one productively rearranged IGH, IGK, or IGL locus per cell can be used to evaluate the sizes of B-cell clones in the cell populations studied, because multiple replicate libraries for sequencing can be generated from independent aliquots of genomic DNA template, and V(D)J rearrangements from different members of the same clone of B cells can later be identified in data analysis (21, 33) . In contrast, the many copies of Ig mRNA produced within a single B cell, and the differing levels of mRNA expression for Ig genes in different subsets of B cells, such as relatively low expression in naïve cells and high expression in plasmablasts, mean that it is not possible to reliably distinguish between the presence of cells with high Ig mRNA expression versus the presence of a clone containing many cells with lower Ig mRNA expression, if only a single RNA sample is available for analysis. However, using RNA as the starting material for repertoire sequencing experiments has other important advantages, chiefly that it enables identification of the heavy chain isotype associated with a particular V(D)J rearrangement. Another potential advantage of RNA template is that it should preserve a more complete representation of the B-cell clones present in the cell sample, because each B cell can contribute multiple mRNA copies of its Ig rearrangements, so that, if some template is lost during purification owing to less than 100% yield, there will not be a linear reduction in the number of B-cell clones represented in the sample, as is the case with genomic DNA. Finally, cDNA contains more amplifiable Ig templates per nanogram of template amplified, compared with genomic DNA where the rearranged Ig loci are a tiny fraction of the total DNA quantity. Because there is a limit to the amount of DNA template that can be added to a PCR reaction, more complex libraries of Ig rearrangements therefore can be generated with fewer PCR reactions by the use of the cDNA template compared with the genomic DNA template.
Multiplexing and Chimeric Sequences
Another kind of artifact that can arise in library preparation is the chimeric sequence, usually generated when a DNA strand is incompletely extended in one PCR cycle, and can then hybridize to an unrelated template and be extended further in a subsequent cycle. If PCR amplifications are performed with several different heavy chain isotype primers in the same reaction, such chimeras may lead to errors of assignment of particular VDJ rearrangements to particular isotypes. Otherwise, they can yield apparent regions of highly increased somatic mutation in the V(D)J rearrangement, and other artifactual results. Bioinformatic filtering to remove sequences with such unusual features is one way of attempting to minimize such effects, but other approaches such as performing PCR with templates at limiting dilution in aqueous-in-oil emulsions or microtiter plates have been proposed and used as alternatives, although these dilution methods raise other challenges of sample throughput (34, 35) .
Replicate Library Preparation
As noted above, the preparation of multiple libraries from a sample by using independent template aliquots (either by using a genomic DNA template, or by separating cells into separate aliquots prior to isolating RNA template) permits reliable detection of expanded clonal B-cell populations and distinction between an expanded clone of cells versus a single cell expressing high levels of Ig mRNA (21, 33) . As with any experimental methodology, conducting experiments with replicate sampling and library generation helps to distinguish between real signals compared with statistical noise in the dataset and also gives a basis for assessing the robustness of any other secondary results derived from the data.
Error Correction Strategies
The combined frequency of PCR errors and sequencing errors for Ig amplicon libraries sequenced with current HTS platforms are usually less than 0.5% per base, with the exception of polynucleotide tract regions in data gathered with 454/Roche or Ion Torrent instruments. A recent comparison of error rates of benchtop HTS instruments sequencing Escherichia coli genomic DNA found that the insertion and deletion (indel) rate was 0.38% per base for the 454 GS Junior, 1.5% per base for the Ion Torrent PGM, and <0.001% per base for the Illumina MiSeq (36) . In this comparison, the substitution error rate of the MiSeq instrument was the lowest measured, at 0.1 per 100 bases. The quality of the sequence data with all of these instruments decreases toward the distal ends of the reads. When applied to Ig templates, reported error rates for the combination of PCR and sequencing error, excluding indels, have been reported in the literature and seen in our own experiments, to be approximately 0.1 to 0.3% per base for the 454 platform and 0.1 to 0.2% for Illumina sequencing (21, 29, 36, 37, 38) . One approach to detecting potential PCR or sequencing errors, and distinguishing these from true somatic mutation positions or allelic variants of gene segments, is to obtain manyfold more sequencing reads than the number of template molecules in the original sample. Errors occurring early in PCR cannot be corrected with this approach, but, together with the evaluation of sequences derived from known templates (such as sequences cloned into plasmids), this approach can be used to correct many sequencing-derived errors, and give an upper bound of remaining PCR and sequencing errors in the data. An alternative method of detecting errors from amplification or sequencing has been adapted for Ig sequencing from earlier approaches of adding highly diverse sequence tags to nucleic acid templates prior to amplification of libraries from the templates (39, 40, 41, 42) . Incorporation of a randomized sequence tag in the primer used for reverse transcription of Ig mRNA enables later comparison of the data from reads sharing the same sequence of randomized tag, and helps the inference of which variant bases are likely to be errors in such sequences (38) .
Paired Heavy and Light Chain Sequencing
A long-awaited experimental breakthrough in Ig repertoire studies has been the efficient high-throughput sequencing of native pairs of heavy and light chain (H+L) sequences from large numbers of individual B cells. In 2013, the proof of concept of a method of generating paired H+L sequence libraries from tens of thousands of individual B cells was described, making use of highdensity microtiter plates with 125-pl well volumes to separate the cells and enable capture of mRNA from each cell on an oligo-dT functionalized polymer bead, followed by reverse transcription and joining PCR to covalently link the heavy and light chain sequences (43) . While the data sets from these initial experiments contained thousands of natively paired sequences, it is likely that the protocols will improve their throughput with the use of emulsion strategies or potentially even the use of microfluidic devices (44).
DATA ANALYSIS APPROACHES
A variety of data analysis methods have been applied to Ig sequence data sets, with many laboratories developing their own pipelines of publicly available software, customized scripts and programs, and databases to manage the data. Owing to the numerous experimental strategies for library preparation being explored in the literature, and the idiosyncrasies of each group's data analysis approaches, direct comparison of reported results is challenging. This is not an insurmountable problem, so long as the experimental protocols are described in sufficient detail, and the raw sequence data are made available to other investigators who wish to evaluate the results by using their own analysis pipeline. It is not realistic to expect that all research laboratories will converge on a single experimental and data analysis approach, but full transparency about library preparation methods and software, including sharing of the scripts used for analysis, should enable appropriate verification of reported results. One overall limitation of many published articles to date has been the relatively low number of samples analyzed and the rare to absent consideration of statistical correction for multiple hypothesis testing in data sets that have many different features that can be compared between samples.
Sequence Barcode Analysis, Filtering, Primer Trimming, and Quality Score Use
As with other amplicon-sequencing experiments, data analysis of Ig libraries typically includes early steps of identifying the sequence barcodes that identify the sample of origin of a sequence. Many groups have designed barcodes that are relatively resistant to sequencing error, in that they are different from each other at two or more positions (i.e., are separated by a Hamming distance of two or more). If gene-specific primers are used in the amplification strategy and a primer is not a perfect match to the gene segment it amplified, trimming of primers is necessary to avoid spurious introduction or loss of point mutations. Quality scores for each nucleotide position are a feature calculated by all of the HTS platforms and agree fairly well with actual error rates in experiments performed with known template sequences (36) . Quality scores can be used to exclude sequences of excessively poor quality from further analysis; as an alternative approach, such reads can be carried forward in the analysis and removed from consideration later if they do not align well enough to gene segments of the locus of interest.
Alignment and Parsing Programs
In the place of traditional mapping of reads to a reference scaffold, as is performed for genome or exome sequence analysis, the next step in Ig sequence analysis is determining which regions of the rearranged Ig align with germ line V, D, and J gene segments and constant region sequences in the locus that was amplified, parsing the nontemplated regions at the segment junctions and determining the positions of somatic mutation in the sequence. A number of programs have been devised for this purpose, including IgBlast, V-QUEST, and the hidden Markov model-based programs iHMMune-align and SoDA2 (45, 46, 47, 48) . In response to the increasing demand for higher-throughput analysis of large sequence data sets, the IMGT website (www.imgt.org) has introduced a new next-generation sequencing data set portal for sequence alignment and analysis, HighV-QUEST (49) . Many of these published analysis programs claim superiority for their approach to sequence analysis, but, in our laboratory, evaluation of the alignments generated by IgBlast, V-QUEST, and iHMMunealign are identical or very similar for most sequences, and differ most in junctional parsing of sequences where the true answer may be unknowable. For example, IGH sequences in which the D segment is very short owing to exonuclease digestion during rearrangement, so that the true germ line D segment identity cannot be determined would be such a case. An important consideration for any of these utilities is the choice of germ line V, D, and J gene segment repertoires used for alignment, because current curated databases are not complete, so depending on the population group studied, rarer and unreported alleles can appear to carry somatic mutations as a result of misalignment to other gene segments (11, 12) .
HTS Ig DATA ANALYSIS: APPLICATIONS IN INFECTIOUS DISEASE RESEARCH
A wide variety of secondary analyses can be performed on Ig repertoire data once the sequences are aligned and parsed, depending on the experimental question being asked. Often, particularly if replicate libraries have been generated from a sample, it can be helpful to collapse identical sequences into a single representative, to minimize PCR amplification biases or stochastic PCR jackpots that cause some sequences to appear in increased copy numbers in the sequencing data. Overall features of Ig repertoires, or the repertoires derived from particular B-cell subsets, can be readily determined from the parsed sequence output of any of the alignment utilities described above. Features that have been reported in many studies include gene segment usage frequencies; length, composition, and amino acid sequences of CDR3 regions; mutation levels and distributions; and heavy chain isotype associated with particular V(D)J rearrangements, among other metrics.
Recent articles have provided more detailed insights into baseline human Ig repertoires than were previously known from lower-throughput data, including the individual specific usage frequencies of V, D, and J gene segments, and the presence of copy number variants and allelic variants within particular haplotypes (11, 29, 50) . Glanville et al. observed a strong influence of the germ line genome on V, D, and J gene segment usage (probably combining the effects of receptor rearrangement frequencies, and selection acting on the expressed protein) in repertoires sequenced from two pairs of identical twins (51) . HTS has also enabled better measurement of the frequencies of uncommon features in Ig repertoires, such as rearrangements using two D segments in the heavy chain and indels generated as a by-product of somatic hypermutation (52, 53, 54) . The distinct features of the repertoires of different Bcell subsets, such as class-switched or IgM-expressing memory cells, compared with naïve B cells, at the level of gene segment usage and junctional features, have been reported by several groups (21, 24, 30, 55) . Analysis of somatic mutation patterns in Ig rearrangements, and detection of evidence of selection, has also been enhanced in part by the availability of larger data sets for evaluation, and has prompted the development of new tools and interfaces to facilitate analysis of larger sequence sets (56, 57) . The influx of much larger datasets of Ig sequences that often contain many representatives of clonally expanded B-cell lineages has also stimulated new approaches for inferring the relationships of descent and genetic inheritance between individual cells within the clone (58) .
Determining whether sequences derived from the same B-cell clone are present in different samples of a longitudinal time course, or different tissue sites, sample types, or B-cell subsets, is often of interest and can be approached in several different ways. For initial analyses, we often use a clone definition for comparing two heavy chain sequences requiring that the V and J segments be the same, or of the same subgroup, and that the CDR3 sequence be the same length and match at 80% of the nucleotides. Depending on the experimental question being asked, different thresholds for clonal similarity may be more appropriate. For example, in searching for members of a clonal lineage that matures from the germ line sequence state to a highly mutated state (as in the case of some broadly neutralizing antibodies against HIV), a more permissive definition of CDR3 similarity could be used, and then the putative clone members could be tested for other inherited features such as somatic hypermutation positions. Ensuring that the conclusions drawn in a study are not overly sensitive to minor differences in clonal definitions is a conservative and prudent approach. A number of groups have made striking progress in recent years by using HTS to track the clonal evolution and mutational and selection histories of B-cell lineages making antibodies specific for particular pathogens or vaccine components. Such analyses have been performed most extensively in studies of HIV, identifying putative germ line ancestral sequences of highly mutated antibody lineages that acquire virus neutralization breadth only after many months to years of chronic infection, and identifying shared sequence features of antibodies that bind to particular epitopes of HIV (31, 32, 58, 59, 60, 61, 62, 63, 64) . Similar approaches may offer insights into many other infectious diseases and chronic or recurrent infections.
Quantitation or normalization of the contribution of clonally expanded B-cell populations to an observed repertoire can be performed from multiple-replicate library data, using a modified form of the Gini-Simpson index adapted for HTS data; we have termed this a "clonality score" or "coincidence index," in recent articles. This measure can distinguish between individuals responding to acute Dengue virus infection from those who are convalescent or uninfected (21, 33) . The presence of expanded B-cell clones that persist in the circulation of individuals, as measured with a similar clonality score from samples collected a year apart, is significantly associated with EBV infection status in healthy subjects (21) . We have also observed that this measure of clonality is closely correlated with the increase in numbers of plasmablasts observed in the blood 7 days after vaccination with inactivated trivalent influenza vaccine, and that the clonality score is correlated with seroconversion following vaccination. Other recent studies of vaccination for influenza or pneumococcus have highlighted sequences that appear at higher copy number in sequencing libraries following vaccination, which may correspond to expanded clones stimulated by the vaccine, or cells producing higher levels of Ig mRNA, or both (37, 38, 65) .
Estimation of the size of the B-cell repertoire has been attempted in a number of prior studies, but is subject to high degrees of uncertainty and underbias when extrapolated from peripheral blood samples that typically contain millions of B cells, representing less than 0.1% of the approximately 100 billion B cells in an individual's body (29) . Parametric approaches that make assumptions about the distribution of clone sizes in the repertoire may be particularly unreliable, but even nonparametric estimates such as the lower bound of the "Chao 2" metric are likely to underestimate the minimal size of the repertoire (Y. Liu, personal communication, and reference 66). In our view, currently published estimates of naïve B-cell and T-cell receptor diversity are underestimates of the true values; it will await larger data sets collected with multiple independent samples from each human subject to arrive at better estimates in the future.
In light of the enormous size of the potential antibody repertoire, it has been an open question whether different humans raise similar antibodies in response to the same infectious or vaccination challenge. Previous studies using Sanger sequencing identified some circumstances where highly similar "convergent" antibodies could be detected in different people, such as immunization with Haemophilus influenzae type b polysaccharide vaccine or pneumococcal vaccine (67, 68) . HTS of Ig repertoires has greatly increased the ability to detect such convergent sequences, and pathogen-specific antibody rearrangements have now been detected in patients infected with Dengue virus and HIV (32, 33, 63) as well as in subjects vaccinated with trivalent inactivated influenza (69). It appears that the stimulation of convergent antibodies that are specific for particular pathogens is a widespread phenomenon. Once more data are gathered for a variety of different pathogens and antigens, it may become possible to read an individual's history of pathogen exposure from the Ig sequences in their memory Bcell repertoire.
CONCLUSIONS AND FUTURE DIRECTIONS
The application of HTS methods to the study of B-cell responses and immunoglobulin structure-function relationships is now well started, and most of the cost limitations and technological shortcomings of the earlier generations of HTS instruments have been overcome. Well-designed experimental protocols and data analysis approaches promise to provide unprecedentedly accurate, extensive, and exact tracking of B-cell populations of biological or medical interest in any immunological context. Initial studies in infectious disease topics have provided new knowledge about the numbers and diversity of B-cell clones stimulated by infection or vaccination by a variety of agents, and have been especially useful in documenting the pathways of mutation and selection followed by antibodies responding to HIV. Clear and explicit documentation of the experimental methods used and data analysis approaches applied to Ig HTS data sets, along with sharing of primer sequences, scripts for analysis, and other important experimental features along with raw and processed data, will help to ensure the reproducibility and broader scientific value of studies in this area. As with any other research area generating and analyzing large and complex molecular datasets, Ig sequence analysis will benefit from a greater emphasis on the use of sample sets with larger numbers of individual patients or subjects, collection of longitudinal repeat sampling from individuals when possible, appropriate statistical analysis to correct for multiple hypothesis testing, and validation of results with training and test sets of data. A particularly promising area is the coupling of HTS studies of immune response genetics (Ig and TCR sequencing, as well as analysis of other host genetic features) with equally powerful genetic analysis of the populations of pathogens seeking to infect the host and evade the immune system. The coming years should offer a ringside seat to researchers intent on observing these fascinating battles.
